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MINOR ELEMENTS IN AMERICAN COALS

[GEOCHEMISTRY OF MINOR ELEMENTS IN GOALS 
OF THE NORTHERN GREAT PLAINS COAL PROVINCE

By PETER ZUBOVIC, TAISIA STADNICHENKO, and NOLA B. SHEFFEY

ABSTRACT

The Northern Great Plains coal province encompasses an area in four north- 
central States. A geochemical study has been made of the following 15 minor 
elements in the coals: boron, beryllium, titanium, vanadium, chromium, cobalt, 
nickel, copper, zinc, gallium, germanium, molybdenum, tin, yttrium, and lan 
thanum.

The coals that were studied range from Jurassic to Eocene. Data for 4 colum 
nar samples of Jurassic coal, a single sample of Cretaceous coal, 20 channel or 
auger samples and 20 columnar samples of Paleocene coal, and 6 channel samples 
of Eocene coal are presented and evaluated in a series of tables: (a) individual 
analyses; (b) averages of the elements in ash of coal beds; (c) average in parts per 
million in coal beds; additional tables and figures utilizing parts of the data are 
used in the text as needed to illustrate points of discussion.

Pertinent aspects of the geochemistry of these elements in the coals are discussed. 
An analysis of some petrographic constituents of these coals shows that fusains 
contain appreciable quantities of the elements. This is in contrast with findings 
from other coal provinces of the United States where larger amounts of most of the 
elements are found in vitrains.

Within coal beds no systematic variation of the elements was found. However, 
a relation between some of the 15 elements and an influx of material into the 
developing swamp and the apparent lack of secondary redistribution or of ac 
cumulation indicate that the elements accumulated at the time of formation of the 
swamp.

A comparison of series of beds in stratigraphic columns does not indicate any 
secondary mineralization, such as by the leaching of overlying beds or by hy- 
drothermal activity. The sampling, however, is not adequate for any positive 
conclusions. A comparison of the 15 minor elements in groups of beds in various 
parts of the province shows that beryllium, titanium, vanadium, cobalt, gallium, 
yttrium, and lanthanum have preferential distribution patterns in the basin; 
however, more sampling is needed for adequate comparisons of patterns.

A comparison of the minor-element content of these coal samples and of living 
plants shows that most of these elements can be accumulated by plants in the 
amounts found in the coal. Comparison of the minor-element contents of various 
rock types and the ashes of samples of coal of the Fort Union formation indicates 
that the minor-element suite of the coal ash is similar to that of silicic and in 
termediate rock types, which were the major source of sediments during the period
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A-2 MINOR ELEMENTS IN AMERICAN COALS

of coal deposition. This also indicates that the accumulation of the 15 minor 
elements in the coals was a syngenetic process.

The kettle-bottom coal and coalif ied trees that lie above the coal beds are discussed 
separately in this report because of the anomalous content of some of the elements 
in them The degree of enrichment in comparison with the coal beds with which 
they are associated is Ge>V>Cr>Ga>Co, Ni, Y>Mo, Be, Ti, Sn>Cu>La>B. 
Genetic relations of the kettle-bottom coals and coalified trees and of the coal beds, 
as well as stability constants of metallo-organic complexes, are used to explain the 
disparity of the element content of these special types of samples and the beds.

INTRODUCTION

PURPOSE AND SCOPE

This is the first report on the geochemistry of 15 minor elements 
in the coal regions of the United States. The purpose of this investi 
gation is to achieve a better understanding of the geochemistry of 
these elements in coals, and to investigate the concentration of these 
elements in coals from an economic standpoint.

Data of the analyses of individual and composite samples of blocks 
of 25 columnar samples and 26 channel and auger samples of coals 
from Montana, North Dakota, and northeastern Wyoming are given 
in this report. The number of samples is somewhat small for a 
representative collection from an area containing our largest reserves 
of coal and lignite. However, the authors preferred to collect only 
unweathered columnar coal samples, so sampling was possible only 
in the mines in operation and accessible at the time the fieldwork 
was done. It is believed, nevertheless, that these data are adequate 
for an initial study of the coals of this province.

LOCATION AND FIELD WORK

The Northern Great Plains coal province encompasses an area in 
four north-central States: the western half of North Dakota, the 
northwestern part of South Dakota, the northeastern part of Wyo 
ming, and the eastern and north-central parts of Montana. Subdi 
visions, regions, and fields mentioned in the text are shown in figure 1.

The fieldwork in the province was done in three trips. During 
the first of these, made by Taisia Stadnichenko in the fall of 1950, 
7 columnar samples of coal were collected in North Dakota, 1 com 
plete columnar sample and several selected blocks from another 
bed in Wyoming, and 5 columnar samples in Montana. On her second 
field trip 2 additional columnar samples were collected in Montana 
in 1953. In the fall of 1952, Peter Zubovic visited the western coal 
fields and collected 9 columnar samples in Montana.

In addition to samples collected by the authors, geologists of 
the U.S. Geological Survey submitted 26 channel and auger samples 
of coals and lignites collected in areas where they were working, as
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follows: G. S. Prichard, 10 samples from Richland County, Mont.; 
W. D. Johnson, 7 from Oliver County, N. Dak.; W. J. Mapel, Jr., 
6 from the Lake de Smet area of Johnson County, Wyo.; W. T. 
Pecora, 3 from the Bearpaw Mountains area of Chouteau County, 
Mont. A detailed description of all samples is given in table 1.

ACKNOWLEDGMENTS

Study of the coal deposits of the Northern Great Plains coal prov 
ince was greatly expedited by many individuals. The authors 
.give then* thanks for the cooperation of the mine owners, the super 
intendents, and the miners at those mines where samples were col 
lected. In the U.S. Geological Survey we wish to thank H. I. Smith 
and his coworkers for providing information and assistance in the 
field. Thanks are extended to W. J. Mapel, Jr., W. D. Johnson, 
G. S. Prichard, and W. T. Pecora, for the samples that they submitted.

For earlier spectrographic analyses we thank K. J. Murata, H. J. 
Hose, Jr., Elizabeth L. Hufschmidt, R. S. Harner, and Janet D. 
Fletcher. In the coal laboratory J. H. Townsend arid H. M. Cohen 
proved invaluable as assistants.

Many members of the Survey contributed immeasurably in dis 
cussions of geochemical problems, particularly K. J. Murata and 
Michael Fleischer.

PREVIOUS INVESTIGATIONS

The minor-element content of coal was first investigated by the 
U.S. Geological Survey in 1935, when Taisia Stadnichenko collected, 
prepared, and submitted for analysis 19 samples of ash from coal of 
the Lower Kittanning bed in western Pennsylvania. These samples 
were analyzed for germanium and several other elements by George 
Steiger, former chief chemist. A second suite of samples was proc 
essed similarly hi 1942.

Investigations of minor elements in coal came into prominence 
in the early and mid 1930's. This was largely due to the findings 
of Goldschmidt (1930) and Goldschmidt and Peters (1933) who re 
ported unusual concentrations of germanium and other minor elements 
in several samples of European coal. Of particular interest were 
several analyses of samples from the Hartley coal bed in England, 
where 1.1 percent germanium in ash was reported. Morgan and 
Davies (1937) reported on the ashing of coal and the loss of germanium 
under certain conditions, and showed that some germanium was 
concentrated in flue dust. A method for recovering germanium from 
flue dusts of gas works was suggested; these flue dusts have since 
become a source of the element in England.

Interest in germanium as a semiconductor increased tremendously 
during and shortly after World War II, and, as a result, a search was
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begun for sources of this element. Because of the results of earlier 
work by Goldschmidt and other scientists, many organizations, public 
and private, began to look for this element in coals. In the United 
States the Eagle-Picher Co. was one of the first and most active in, 
this line of research. The U.S. Geological Survey began a study of 
minor elements in American coal by Taisia Stadnichenko in 1948, 
Fieldwork and analytical work started immediately and has been 
carried on to the present. Although provincial and regional reports 
could not be prepared until analyses of coal samples collected from 
these areas were adequately completed, some topical papers have 
been published (Stadnichenko, Murata, and Axelrod, 1950; and Stad 
nichenko, Murata, Zubovic, and Hufschmidt, 1953): The last-men 
tioned publication is a report on the concentration of germanium in 
the ash of coals analyzed before the fall of 1952. It includes analyses 
of coal ash from the Northern Great Plains coal province.

Two publications resulting from the interest in the uranium con 
tent of lignite of North Dakota and South Dakota also present aspects 
of a part of this province. Breger, Deul, and Rubinstein (1955) 
made a detailed study of the concentration of uranium in a sample of 
lignite from South Dakota; Deul and AnneJl (1956) reported on the 
concentration of 27 minor elements, including germanium, hi lignite 
from Bowman County, N. Dak., and Harding and Perkins Counties, 
S. Dak.

The literature on the occurrence of some elements in coal was sum 
marized by Gibson and Selvig (1944), and on germanium by Fleischer 
and Harder (1946). Since Goldschmidt's pioneer work, a large num 
ber of investigators in many countries have reported on the associa 
tion of germanium and other elements with coal. Among the more 
interesting and informative reports are the following:

Argentina: Lexow and Maneschi, 1950.
Australia: Cooke, 1938.
Belgium: Legraye and Coheur, 1944-45.
Canada: Fortescue, 1954; Hawley, 1955; Newmarch, 1953.
Czechoslovakia: Simek, 1940.
England: Aubrey, 1952, 1954, and 1955; Davidson and Ponsford, 1954; 

Forrest, Smith, and Ward, 1955; Horton and Aubrey, 1950; Jones 
and Miller, 1939; Morgan and Davies, 1937; Pitt and Fletcher, 1955; 
Powell, Lever, and Walpole, 1951; Reynolds, 1948 and 1950.

Germany: Otte, 1953.
India: Ganguly and Dutta, 1956; lyer and Sundaram, 1955; Mukherjee, 

1950; Mukherjee and Dutta, 1948, 1949, and 1950; Subrahmanyan 
and Nair, 1955.

Italy: Abbolito, 1942; Bertetti, 1954.
Japan: Asai, 1954; Asai and Inagaki, 1952; Dono, Yoshida, Aoki, Naka- 

gawa, and Iga, 1951; Iwasaki and Ukimoto, 1942; Inagaki, 1951,1952, 
1953a, 1953b, and 1956; Inagaki and others, 1954; Oka, Kanno, Ayu- 
sawa, and Haga, 1955; Ono, Inada, and Kanno, 1955.
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New Zealand: Rafter, 1945; Wilson and Rothbaum, 1950.
Nigeria: Simpson, 1954.
Portugal: Brito, 1955a, 1955b.
South Africa: Kunstmann and Hammersma, 1955.
Spain: Lopez de Azcona and Puig, 1948.
Spitsbergen: Butler, 1953.
Union of Soviet Socialist Republics: Borovik and Ratynskiy, 1944; Itkina, 

1948; Katchenkov, 1948, and 1952; Kostrikin, 1939; Miropolskii, 1939 
and 1942; Nazarenko, 1937; Ratynskiy, 1945 and 1946; Shakhov and 
Efendi, 1946; Zilbermintz, 1935 and 1936; Zilbermintz and Rusanov, 
1936.

United States: Breger, Deul, and Meyrowitz, 1955; Breger and Schopf, 
1955; Headlee and Hunter, 1955; Machin and Witters, 1956; Schlei- 
cher and Hambleton, 1954.

In addition, the following investigations of minor elements of peat 
bogs are worth noting:

Finland: Salmi, 1950, 1954, and 1955.
United States: Cannon, 1955; Fiskel, Mourkides, and Gammon, 1956.

DESCRIPTION OF THE SAMPLED AREAS

This is a brief description of the areas of the Northern Great Plains 
coal province from which samples have been collected. Details of 
each of the samples analyzed are given in table 1. The geologic 
features are shown in figure 1 and index to the distribution of the 
samples is shown in figure 2. For more complete descriptions of the 
coal beds, and the geology and structure of the areas, Brant, 1943; 
Berryhil], Brown, and Taylor, 1950; and Combo, Brown, Pulver, and 
Taylor, 1949, and the references cited in these three publications 
may be consulted.

The coal-bearing formations of the province range from the Mor- 
rison of Jurassic age to the Wasatch of Eocene age. The Jurassic 
coals are found in the Great Falls and Lewistown fields of central 
Montana; the Cretaceous are found in the north-central region. 
The most prolific coal-accumulating swamps formed in Fort Union 
tune, especially during the deposition of the Tongue River member 
of the Fort Union formation. Most of the coals of the Fort Union 
region and those of the Powder River region are of this age.

A unique characteristic of the coals of this province, with the pos 
sible exception of the coal from the Morrison formation, is the limited 
extent of the beds. Coal was deposited in small basins surrounded 
by non-coal-forming areas. As a result of this, beds are discontin 
uous, pinching out in relatively short distances, and their correlation 
in different parts of the basin is impossible.

583348 61-
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Many beds may be in the coal-bearing formations in the areas where 
fieldwork was done; however, few beds were sampled. Thus in the 
Bull Mountain field where 26 beds have been mapped, only 3 were 
sampled. In the Girard field, of 7 principal and several local beds 
known, 5 were sampled. In North Dakota only 1 bed was sampled 
in each of four counties, Burke, Divide, McLean, and Mercer, al 
though there are 5 to 8 beds. In the same State, 6 samples were col 
lected in Oliver County although there are 10 persistent and several 
local beds. Sampling was similarly limited elsewhere in the province.

In general the coal-bearing formations gradually dip eastward and 
northeastward away from the Rocky Mountain front toward the 
Williston basin; to the east and south of the basin the dip is also 
toward the center of the basin. Many deviations that reverse the dip on 
a small order do not seriously affect the general picture, but 
several large structures, such as the Black Hills, the Bearpaw Moun 
tains, and the intrusive masses of central Montana, disrupt it con 
siderably. Near these uplifts the formations of Tertiary age have 
been eroded and older rocks are exposed.

In the Fort Union region of Montana and North Dakota, although 
there are local reversals of dip the general dip of the beds is perhaps 
10 to 20 feet per mile toward the Williston basin. Two major tectonic 
complications in this structural picture of the area are the Cedar Creek 
anticline, which lies across the Montana-North Dakota boundary, 
and the Black Hills uplift, where the dips are much steeper.

The Black Hills uplift also is a factor in determining the structure 
of the Powder River Basin. Located between the Black Hills and 
the Bighorn Mountains, this basin is a long and broad feature with 
gentle dips in the center and gradually steepening dips along the 
edges of the basin because of the uplift of the two mountain areas. 
The basin trends north-northwestward, and in the northern part 
it joins the Fort Union region without any distinct structural boundary.

In the north-central region of the province the structure is compli 
cated by the Bearpaw Mountains. The formations dip gradually 
eastward from the Sweetgrass arch to the vicinity of the Bearpaw 
Mountains; in the latter area the dip is usually plainsward from the 
slopes of the uplift. There are several anomalies in the immediate 
vicinity of the igneous masses and at some places dips as high as 20° 
toward the mountains are recorded. Many faults are also present, 
and in the Big Sandy coal field a section of the Fort Union formation 
is preserved in a down-faulted block. Several coal beds occur in this 
formation, whereas in all the surrounding area the surface rocks are 
of Cretaceous age unless overlain by Pleistocene gravel and alluvium.

In the Great Falls and Lewistown coal fields the structure is affected 
by the uplifted Little Belt and Big Snowy Mountains to the south.
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The beds all dip northward away from the uplifts. Near the moun 
tains the dips are as steep as 10° to 15°, whereas a short distance away 
the angle of the dips recedes to. about 3° to 5°. In the eastern part of 
the Lewistown coal field the structure is complicated by intrusive 
rocks of the Moccasin and Judith Mountains.

The Bull Mountain coal field is a shallow syncline in which the beds 
of the Fort Union have been preserved. The syncline trends north 
westward and the dip of the beds ranges from 1° to 5° toward its 
center; to the northwest the beds steepen as much as 30°. To the 
southwest the beds of the Fort Union are contmuous with those of the 
Fort Union region; in all other directions along the edges of the Bull 
Mountain coal field, the Fort Union has been eroded and Cretaceous 
beds are exposed.

Although the Red Lodge coal field of the Bighorn Basin is considered 
a part of the Rocky Mountain coal province, it is included in this re 
port because geologically it is a part of the sequence of deposition of 
the Northern Great Plains coal province. The Red Lodge coal field 
lies at the foot of the Beartooth Mountains and the beds dip south 
west toward them. Near Red Lodge, dips of 18° have been noted 
and southward and eastward the angle of dip decreases. To the 
southeast the section gradually rises and Cretaceous rocks are exposed 
on the eastern flank of the Bighorn Basin.

COLLECTION AND PREPARATION OF SAMPLES 

SAMPLING OF COAL

The sampling by the authors was done on fresh exposures of coal 
either at strip mines or in underground mines. This, of course, 
limited the number of samples that could be collected to those from 
the accessible mines in operation at the times of the fieldwork. Many 
small mines that operate only during the winter were not sampled.

Because the concentration of some minor elements varies consid 
erably from the top to the bottom of a bed, samples were collected in 
a vertical sequence of blocks through the thickness of a bed. Natural 
changes in the lithology of the coal usually determined the thickness 
of the block, but where coal was fairly uniform blocks were chosen 
in sizes easy to handle and pack. In all sampling by the authors, the 
primary consideration was the preservation of variations in the 
sedimentary sequence of a bed.

Usually a columnar sample of coal was taken from a working face or 
at a pillar. Channels were cut on each side of the selected area and 
the blocks were broken away and laid on the ground in sequential 
order, and numbered to preserve the sequence from the top of the bed 
to the bottom. Sometimes the roof and floor of the mine also were 
sampled. When the cutting was completed each block was measured

583348 61   3
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and recorded; the width and length generally ranging from 4 by 4 
to 6 by 6 inches. The appropriate descriptive label was taped to the 
top of each block, which was then wrapped in newspaper and aluminum 
foil. A second label placed on the outside wrapping identified the 
block by code and number.

Channel or auger samples were usually from areas where no sam 
pling was done by the authors. While the variation of the minor- 
element content within a bed cannot be determined from such samples, 
the samples are valuable in determining the areal distribution of the 
minor-element content of coal beds.

LABORATORY PREPARATION

In the laboratory, the samples were opened and examined. Part 
of a block was split or sawed off and was ground to pass through an 
8-mesh sieve. A fraction of these samples was then ground to pass 
through a 100-mesh sieve. The remainder of the coarse sample was 
stored for use in further studies. The fine powder was the working 
fraction.

A 10-gram sample of the finely ground coal was weighed and placed 
in a uniform layer in an aluminum tray, K inch deep, 3% inches wide, 
and 4 inches long. Trays were placed in a muffle furnace and the 
door of the muffle was lowered so that there was about a K-inch 
opening at the bottom to allow air to enter and expedite oxidation 
of the coal.

The furnaces have automatic control units to regulate the temper 
ature. Initially, the temperature control was set at 200°C and kept 
there for several hours. The temperature was then increased in steps 
of 75° to 100°C every hour or two, until 450°C was reached, and this 
temperature was maintained until all organic matter in the coal sam 
ples was oxidized. To insure uniform ashing, the trays were period 
ically removed from the furnace, shaken, and rotated in position on 
replacement in the furnace. Finally, the ash was weighed and placed 
in properly labeled bottles.

The germanium and molybdenum contents of the ashes were deter 
mined spectrophotometrically; one-tenth of the ash sample, equal to 
the ash from one gram of coal, was used for each of the elements. 
If an analysis showed a high content of either of these elements in a 
low-ash coal, that is, approximately 5 percent ash or less, the sample 
was sent to the spectrographic laboratory for determination of the 15 
minor elements studied for this report.

FLOTATION OF HIGH-ASH COALS

If the coal yielded more than about 5 percent ash, a 40-gram sam 
ple was divided into approximately equal amounts and placed into 
four 100-ml centrifuge tubes. A solution of ethyl alcohol and carbon
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tetrachloride of the required specific gravity was added and the sam 
ple was centrifuged for 20 minutes at 800 rpm. The float cake was 
loosened with a spatula, and, with the liquid part was decanted into 
a Biichner funnel. The sink fraction at the bottom of the tube was 
allowed to dry sufficiently to be scraped out of the tube into evapo 
rating dishes. Both fractions were dried in an oven at 60° to 70°C.

The specific gravity of the liquid that was used varied with the ash 
content and structure of the coal sample. It was desired to obtain a 
float, _or "pure'L coal, fraction that was representative of the coal 
sample. At least 50 percent of the organic matter should be floated; 
this however was not always possible. Specific gravities of 1.30 and 
1.32 were used for ash contents of 5 to 10 percent. Above this, 1.34 
was used for ash contents of about 15 percent, and L36 for ash con 
tents of about 20 percent or more. For coals with a very high ash 
content, 30 to-50 percent, specific gravities of 1.40 to 1.60 were used. 
The structure of the coal influenced the yield; if the coal had large 
vitrain bands, the float fraction yield at any given specific gravity 
was higher than that from a microbanded coal. Table 2 lists the 
samples collected in the province and shows those which were com 
posited and floated, as well as the flotation data.

It was recognized early in this work that analyses of coal samples 
which were relatively-free of extraneous materials were more mean 
ingful than those of samples that were "contaminated" by clastic or 
secondary ash. Improved laboratory facilities in 1955 permitted us 
to use flotation procedures on a larger number of samples. Many 
of the coal samples with a high ash content listed in the tables were 
analyzed prior to 1955.-

The minor-element content of high-ash coal that has been cleaned 
by flotation has more significance in geochemical studies than the 
minor-element content of the raw coal, even though the results on 
the raw coal are recalculated to an ash-free coal basis. In our opinion, 
the recalculation method introduces errors that the analyses of the 
ash from a coal cleaned by flotation would not have. In the first 
place, the. concentration of minor elements in the coal can be more 
quantitatively determined when extraneous materials in the ash are 
removed, thus the ~ concentration of elements that could not be 
detected in the ash of the raw coal can be evaluated in the ash of the 
cleaned coal. Second, the unknown factor of the amount of minor 
elements in the. clastic material is removed to a large extent and the 
analytical results obtained are more closely related to the minor- 
element content of the coal substance. On the other hand, in recaL- 
cilia*ting the minor-element concentration to an ash-free basis all the 
minor elements are assumed to be in the coal substance, an assump 
tion .that may .be erroneous;, this is particularly.true for zinc, which
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TABLE 2. Data on the compositing and flotation of samples

Block Nos.
Percent 
ash of 

whole coal

Specific 
gravity

Percent of 
float 

fraction

Percent ash 
of float 
fraction

Remarks

Mont-Su

4-7 
8-11 

12-14

15.99 
31.87 
34. 14

1.32 
1.40 
1.40

27.83 
15.51 
11.41

2. 19 
7.21 
6.28

Not including block 6. 
Not including block 9.

Mont-S

2-3 
4-7 

9-11 
12-13

7.15 
12.55 
10.29 
13.41

1.32 
1.34 
1.36 
1.34

17.66 
11.21 
70.38 
30.65

5.38 
6.18 
5.56 
2.09

Mont-G-P

1-3 
4-6 
7-9 

12-13

43.01 
16.64 
9.87 
7.69

1.40 
1.40 
1.32 
1.32

36.24 
3482 
17.43 
15.06

6.59 
7.39 
3.99 
3.35

Mont-RB-F

1-2 
3-5
6-8

35.78 
15.78 
9.57

1.40 
1.34 
1.32

24.33 
32.84 
37.44

6.34 
3.69 
5.33

Mont-Kj-Ro

2 9.58 1.32 27.26 6.73

Mont-SW-Ro

1

2

19.52 

7.94

1.34 

1.32

7.07 

18.60

2.63 Float fractions of blocks 1 and 2 
composited and ashed.

Mont-GI-BM

1-3 
4-10 

11

7.62 
5.82 

23.60

1.32 
1.32 
1.36

49.53 
75.45 
42.09

3.23 
3.24 

11.86

Mont-FC-3

Tand 1 
2-3 
4-6

18.88 
8.08 
9.72

1.34 
1.32 
1.32

20.94 
23.07 
19.90

483 
401 
486

T is top block of the column.
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TABLE 2, Data on the compositing and flotation of samples -Continued

Bloefc Nos.
Percent 
ash of 

whole coal

Specific 
gravity

Percent of 
float 

fraction

Percent ash 
of float 
fraction

Remarks

Mont-Ke-CC

1-2
9-11

14 94 
9.66

1.36 
1.34

69.35 
83.64

10.32 
479

ND.TT-N

1-4
5-17

18-30
31-43
44-56
57-69
70-72

7.11
6.60
5, 97
6.68
9.71
7.56
6.45

1.32
1.32
1.32
1.32
1.34
1.32
1.34

22.48
29.43
38.31
36.40
33.93
45.14
48.83

7.10
7.24
6.47
6.80
8.07
6.35
8.17

Notf including block 20.

ND-Cu-GC

1-3
4-10

12-17
18-25
26-31

6.36
6.72
6.51
8.06

1.32
1.32
1.32
1.32
1.32

63.93
44.99
40.56
26.45
63.46

498
4.45
6.12
6. 42
5.23

Not including block 24.

ND-KR-Bu

1-6
7-13 

14-18
10.20 
18.08

1.32
1.32 
1.36

2463
23.18 
44 12

5.65
6. 62 

15.39

Not including block 2.

has been shown to concentrate in the sink fractions of some samples. 
In this case a recalculation to an ash-free coal basis has no meaning, 
as little or none of the zinc is in the coal substance.

As the present report is limited to the geochemistry of the minor 
elements of the coal substance the use of the ash-float fraction for 
the analyses of minor-element content is valid. After sink and 
float fractions have been analyzed, there is normally a uniformly low 
amount of minor elements in the ash of the sink fraction and a con 
centration in the ash of float fractions. As most major coal mining 
companies clean then* coal by flotation, our flotation samples should 
be more like the coal they sell than the raw coal samples.

COMPOSITE SAMPLES

Early in this work it became apparent that it would be impossible 
to analyze each block of coal that was collected throughout the 
United States and that some means of selection had to be adopted. 
A method of screening by using germanium was devised, for if con 
centration of this element was high in a sample most of the other 
elements also were relatively high in concentrations. Thus, the
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plan for first determining the germanium content was adopted as a 
basis of selecting samples for later analysis. Later molybdenum 
was also used. Coal ash samples with high amounts of germanium 
and molybdenum were analyzed first

Another method which saved time and effort was the preparation 
of composites of blocks from the poorer parts of the coal beds with 
out completely obscuring their depositional variations :

In order to get bed averages to plot areal distributions, samples 
from the poorer parts of the beds were combined to form composite 
samples hi proportions equal to the thicknesses of the blocks. The 
number of blocks combined to form one composite sample was deter 
mined by the ash contents of the individual blocks. Sequences of 
blocks that had a fairly uniform ash content were combined; when 
the ash content of the blocks changed, another composite sample 
was made. If a large uniform sequence of blocks was made into sev 
eral composites either the same number of blocks or those of ap 
proximately equal thickness were combined.

Another means of evaluation of the blocks to form a composite 
was the knowledge of the germanium and molybdenum contents. 
Blocks adjacent to each other, with approximately the same content 
of either of these elements, were combined.

The above procedures used in making composites preserved, to 
some extent, the depositional sedimentary changes that took place 
in the formation of coal beds as well as their geochemical history.

The composite samples were processed in the same manner as the 
block samples. If the average ash content of the individual blocks 
in the composite was high, the coal was cleaned by flotation, then 
ashed; if the average ash was low, the sample was ashed without 
cleaning.

METHOD OF SPEC TRO GRAPHIC ANALYSIS

EQUIPMENT AND LIMITS OP DETECTION

The analyses of the ash samples were made by a quantitative 
spectrographic method. The apparatus and operating conditions 
for the analyses are as follows:
Spectrograph: A grating spectrograph, Wadsworth mounting, with a 

dispersion of 5 A per mm in the first order.
Electrodes: A high purity carbon rod of 6 mm diameter, having a 

machined cup at one end, is used as the sample 
electrode (anode). The cup has a 4 mm inner diam 
eter with a wall 0.5 mm thick and a crater 6 mm 
deep. The counter electrode (cathode) is a graphite 
rod 3 mm in diameter.
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Excitation:

Exposure: 
Emulsion:

Wavelength region: 

Mierophotometer: 

Emulsion calibration:

A 250-volt ballasted d-c are, operated at 16 amperes, 
the analytical gap being maintained at 3 mm through 
out excitation.

Samples and standards arced to completion.
Eastman III-O, developed in DK-50 at 20°C for 5 

minutes with continuous agitation.
2300 A 4700 A, recorded on two 10-inch plates simul 

taneously.
Projection comparator mierophotometer, using a scan 

ning slit at the plate.
Method of Dieke and Crosswhite (1943), using a two- 

step filter at the slit.

Analysis lines with limits of detection are tabulated as follows: 

Table of analysis lines and detection limits for minor elements

Element

B.  _____ ..  .

Be. ................

Cd_..__..__._.__._.__

Co ..   .   

Or....................

Ou. ..................

Ga............... ....

Qe ______ . ___ .

Wavelength 
(angstrom 

units)

2497.733

2348. 610
3131.072

3261.057

3453.505
3449. 170
3449. 411

4254. 346
3021. 558 
3024.350

3273. 962
2824.369

2943.637

2651. 178
3039.064

Limit of 
detection 

(weight per 
cent of ash)

0.001

.0001

.001

.005

.0005

.001

.002

.0001

.001 

.005

.0001

.05

.001

.001

.002

Element

La......  . .._....

Mo.... ... _ ......

Ni.-..  .............

Sn....._        

Ti... _ ..............

V........ .... .........

Y.. ........ ..........

Zn.... ___ . .........

Wavelength 
(angstrom 

units)

4333. 734
3337.488

3170.346

3414.765
3050. 819

3175.019

3261. 605
3152.251

3185.396
3183. 406

4374. 935
3327.875

3345.020

Limit of 
detection 

(weight per 
cent of ash)

0.003
.01

.0005

.0005

.001

.002

.005

.05

.001

.001

.001

.002

.02

The analytical curves were established from the spectra of a series 
of synthetic standards, prepared by incorporating known amounts 
of the oxides of the elements into a base material consisting of 60 
parts of quartz, 40 parts of microcline, and 1 part of ferric oxides. 
A series of concentrations ranging from 1.00, 0.464, 0.215, 0.1 ... 
0.001 percent were prepared by successive dilution with the base 
material. Pure powdered graphite was incorporated into each of 
the standards in the ratio of 1 part of graphite to 4 parts of standard. 
Whenever possible, analyzed samples were used to validate the 
working curves. No internal standard was used.

The ash samples were first ground in an agate mortar to assure 
homogeneity. The samples were then mixed thoroughly with a 
half weight of the base material and powdered graphite in the ratio 
of 1 part of graphite to 4 parts of the diluted sample. Thirty milli-
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grams of this mixture was introduced into electrodes and arced in 
duplicate.

If the concentration of germanium was 0.02 percent or more in 
the initial analysis, or if any of the other elements determined were 
present in concentration above the limits of the analytical curves, 
the samples were further diluted with the base material. By so 
doing, the composition of the samples approached that of the standards 
and a more accurate determination was obtained.

PRECISION AND ACCURACY

The analytical results are, in general, the average of single de 
terminations made on two separate plates. The overall coefficient 
of variations for the mean of such duplicates for all the elements is 
±15 percent with a range of 10 to 20 percent, depending upon the 
nature of the ash, the element, and the concentration of the element.

A comparison of spectrochemical and chemical determinations is 
possible for only two elements, molybdenum and germanium; the 
data are shown below. Assuming that the chemical values are correct, 
the probable error for the spectrographic determinations of both 
elements is about ±30 percent.

Comparison of spectrographic and chemical determinations of molybdenum and 
R L._ germanium.

[Results expressed as part per million of coal]

Sample

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Molybdenum

Spectrographic »

1.5
ao

150
68
36
28
7.4

180
1 2

9
1 9

27
3

2. 1
45
64

Chemical >

2.0
3.2

120
60
40
24
5.7

220
1.5

. 9
1.9
.25
.25

1. 1
.4
.50

Sample

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Germanium

Spectrographic 1

23
16
12
47
39
19
12
17
15
11
16
39
17
41
32
28
37
34
17
31

Chemical  

20
16
11
50
52
14

6
19
12
18
16
45
15
32
37
34
30
36
28
32

i Nola B. Sheffey, analyst.
* Peter Zubovic, analyst.
»James H. Townsend and Howard M. Oohen, analysts.
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PRESENTATION OF THE DATA

The spectrographic data upon which this report is based are pre 
sented in table 3. In our earlier analyses boron, titanium, yttrium, 
lanthanum, and tin were not looked for. Wherever the element was 
below the sensitivity limit of the method, the element is reported as 
zero. The sizes of the blocks, where available, are given for columnar 
samples. The sizes of the samples of vitrain and fusain are not given, 
but those of vitrain 0,5 to 2 cm thick, those of fusain are generally less 
than 1 cm thick. The coalified trees and kettle-bottom coals have no 
meaningful dimensions. Channel and auger samples are of whole 
beds.

Table 4 lists the averages of the minor elements in ash and the 
average ash of each of the samples of beds. The data for 26 channel 
and auger samples are also included here because they represent 
averages of the beds hi the sampled areas. The averages for the 
columnar samples were calculated as follows: whenever block samples 
representing more than 75 percent of the bed were analyzed, the 
averages of the ash and the elements in the ash are weighted averages 
of the contribution each block made to the complete columnar sample. 
When less than 75 percent of the columnar sample was analyzed, 
arithmetic averages of the analyzed blocks are reported. For the 
calculation of province averages for each of the elements only those 
columnar samples of which 50 percent of more of the bed was analyzed 
were used. Whenever the element is below the limit of detection it is 
calculated in the averages as a zero. This has very little effect on 10 
of the elements that were detected hi about 90 percent or more of the 
samples. Of the others, germanium, which has the highest sensitivity 
limit (0. 001 percent, 10 clarkes), would be the one most seriously 
affected; however, if a value of one-half the sensitivity 1im.it (0.0005 
percent) were assigned to all samples below the detection limit, the 
increase of the value for germanium for the average amount in the 
province would be less than 20 percent.

Table 5 lists the averages for the bed samples in parts per million hi 
coal. Included in this table are all the fusains, vitrains, and other 
special types of samples. The calculation of these averages was on 
the same basis as that used for table 4.

Table 6 lists the average abundance of the elements in the earth's 
crust (clarkes of the elements), the detection limit in percent and in 
clarkes, averages of the amounts of the elements hi the ashes for the 
45 bed samples hi calculating the province averages and the clarkes of 
these averages. Arithmetic averages of the data from all the analyses 
and the clarke values of these averages are also computed. The 
averages of the data on elements in West Virgina coals (Headlee and 
Hunter, 1955, p. 50) are included in this table for comparison.

583348 61   4
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TABLE 6. Comparison of the minor-element content of ash of coals of this province 
and of West Virginia and the relation to their clarkes

Be.    
B.._._. 
TL. ......
V .........
 Cr_   
 Co....  
Ni _ .... .
Cu.._  
Zn .......
Ga....  
Ge... .....
Mo....  
fin........
Y ....
La.  ..
Ash .......

Clarke 
of the 

elements 
(percent)

0.0002 
.001 
.5 
.015 
.02 
.0023 
.008 
.007 
.01 
.0015 
.0001 
.0001 
.004 
.002 
.004

Spectrographic 
sensitivity

Percent

0.0001 
.001 
.0005 
.001 
.0001 
.0005 
.0005 
.0001 
.02 
.001 
.001 
.0005 
.002 
.001 
.003

Clarkes

0.5 
1.0 
.001 
.07 
.005 
.22 
.06 
.014 

2.0 
.67 

10.0 
5.0 
.5 
.5 
.75

Coal of northern Great Plains coal 
province

Average of indi 
vidual analyses

Percent

0.0025 
.15 
.59 
.065 
.02 
.004 
.0087 
.015 
.018 
.010 
.074 
.0025 
.0027 
.021 
.012 

10.28

Clarkes

12.5 
150 

1.2 
4.3 
1.0 
1.8 
1.1 
2.1 
1.8 
6.7 

740 
25.0 

.68 
10.5 
2.9

Average of coal 
beds

Percent

0.0018 
.19 
.65 
.015 
.007 
.0021 
.0064 
.013 
.056 
.0047 
.0022 
.0016 
.0016 
.013 
.011 

13.42

Clarkes

9.0 
190 

1.3 
1.0 
.35 
.9 
.8 

1.9 
5.6 
3.1 

22.0 
16.0 

.4 
6.5 
2.8

Average of coal 
beds of West 

Virginia

Percent '

0.0029 
.037 
.91 
.028 
.016 
.0079 
.037 
.049 
.043 
.018 
.0076 
.011 
.016

.026 
210.2

Clarkes

14.5 
37.0 
1.8 
1.9 
.8 

3.4 
4.6 
7.0 
4.3 

12.0 
76.0 

110 
4.0

6.5

1 Headlee and Hunter, 1955. 
* Arithmetic averages of beds.

SUMMARY OF THE DATA

Table 7 summarizes the data ha tables 3 to 6. The maximum and 
minimum content of each of the elements in the ash of individual 
samples of coal (table 3), ha the coal beds as percent hi the ash (table 
4), and in the coal beds as parts per million in the coal (table 5), and 
the averages of the values (table 6) of the preceding three tables 
make up the data.

The differences between the maximum and minimum value for the 
amount each of the elements in the three presentations are reasonably 
reliable for boron, titanium, copper, and perhaps vanadium and 
nickel. However, the actual differences between the maximum and 
minimum for the other elements must be considerably greater as the 
values are below then* limits of spectrographic detection in a number 
of samples, and the minimum values used were these detection limits.

The very large differences between the maximum and minimum 
amounts of some of the elements as found in the individual samples 
are noticeable. These differences, especially for vanadium, chromium, 
and germanium, are primarily the result of the inclusion of the samples 
of kettle bottom coal and coalified trees. The disparity between 
the maximum and minimum contents in the beds is much smaller 
than the disparity between contents in the individual samples in 
most cases. For zinc, yttrium, and lanthanum, the apparent dis 
parity between contents in beds is higher when contents are expressed 
in parts per million in coal than it is if expressed hi either of the other 
ways. This is due to the varying amounts of ash in the coal and to
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the fact that these elements are not concentrated to any large degree 
in the special samples from kettle bottom coals and coalified trees. 
The contribution that the special samples make to the total organic 
matter in this province is infinitesimally small; if the analytical 
results were weighted in proportion to the relative amounts of these 
samples, they would cause only negligible differences from the averages 
obtained using only samples of bedded coal. As this was not done, 
the averages of all the individual analyses of the content of the ele 
ments in the ashes are much higher than they should be.

The averages calculated from the data on the 45 bed samples, of 
which more than half of each was analyzed, are the most reliable 
indicators of the average quantity of the 15 minor elements in coals 
that have been analyzed in this province. Consequently, the aver 
ages of these bed samples are used wherever needed in subsequent 
discussions.

The clarkes (average abundance in the earth's crust) of the elements 
in table 6 are derived from four compilations of the abundances of 
elements in the earth's crust. The values of the clarkes for boron, 
titanium, vanadium, cobalt, germanium, and tin are taken from some 
of the figures quoted by Fleischer (1953, p. 4-5). The values of the 
clarkes for beryllium, chromium, zinc, gallium, and molybdenum are 
taken from Goldschmidt (1954, p. 213, 545, 260, 320, and 559, re 
spectively). Rankama and Sahama (1950, p. 677-685) quote Sandell 
and Goldich's (1943) figures for nickel and copper in igneous rocks and 
these values are used in this report. Values of the clarkes for yttrium 
and lanthanum are taken from Vinogradov (1956, p. 50). Table 
6 is a comparison of the contents of these elements in the coal ash 
from this area and from West Virginia (Headlee and Hunter, 1955, 
p. 50), with that of their contents in the earth's crust. A comparison 
of the ash of coals from the northern Great Plains coal province 
with those from West Virginia coals shows that the latter contains 
appreciably more cobalt, nickel, copper, gallium, germanium, molyb 
denum, and tin; the only two elements that are found in larger amounts 
in the former are boron and zinc. These aspects are discussed on 
page 42.

DISTRIBUTION OF THE MINOR ELEMENTS 

DISTRIBUTION IN PETB.OGRAPHIC CONSTITUENTS OF COAL

The data from the analyses of several blocks of coal and pieces 
of vitrain, durain, and fusain selected from these blocks are shown 
in table 8. There seems, to be no invariable pattern of enrichment 
or loss for any of the elements hi these; samples.

In the Montana samples, .the; beryllium content is generally low 
in the vitrain and duraih; : In the North Dakota samples, the fusain
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generally contains more beryllium than the vitrain. No conclusions 
can be drawn concerning boron and titanium in either of the two 
combinations that were analyzed* Other investigators have found 
that vanadium, chromium, and copper contents are generally higher 
in the vitrain than in the block samples; however, in these samples 
the fusain seems to have more of these elements than the vitrain. 
Nickel and cobalt contents appear to be low in the vitrain and their 
content in the fusain is indeterminate. Gallium content is higher 
in some of the vitrain and durain; the data on its content hi the fusain 
are inconclusive. Germanium is the only element that invariably 
is associated with vitrain, whereas molybdenum is associated least 
with it. No conclusions can be formed regarding tin. Yttrium and 
lanthanum show a high degree of affinity for fusain.

The rather heterogeneous distribution of the elements (table 8) 
is of interest, because studies of other areas show that these elements 
are generally associated with the vitrain part of each of the 
block samples.

TABLE 8. Distribution of the elements, in parts per million, in petrographic
constituents of coal

[0 Below limit of detection]

Element

Be...........
B._ ___ ....
Ti . ___ ..
V  .........
Or...........
Co..  ......
Ni... __ ...
Cu  _. ...
Ga...........
Oe. ..........
Mo _ .......
fin  ........
Y..._ __ ....
La  ........

Mont-B-6

Block

2.8 
82 

1,100
28 
8.2 
2.8 
2.8 

14 
14 
11 
2.8 
5.6 

28 
41

Vit 
rain

3.9

16 
1.9 
1.6 
1.2 
3.5 
1.9 

12 
0 
0 

16 
0

Mont- 
CMT-1

Block

2.1 
28 

210 
6.9 
6.3 
2.8 

21 
2.8 
6.9 

21 
2.8 
0 

14 
7.0

Vit 
rain

1.5 
102 
180 

10 
7.6 
1.5 

14 
13 
6.8 

135 
1.2 
3.1 

17 
2.9

Mont- 
CMT-3

Block

3.0 
67 

800 
6.7 
2.8 
2.7 
5.3 
3.1 

18 
40 
0 
1.3 

24 
0

Vit 
rain

2.0 
66 

1,260 
8.8 
5.5 

11 
6.3 
6.2 

21 
58 
0 
1.3 

25 
6.0

Mont- 
OMT-6

Block

4.1 
82 

400 
16 
8.2 
1.6 
4.9 
6.6 
8.2 
5.7 
.8 

0 
16 
16

Du 
rain

2.0

39 
12 
0 
3.9 

20 
9.8 
0 
0 
0 

59 
98

ND-Cu-GC-1

Block

0.4

44 
8.7 
0 
1.7 
6.1 
8.7 
0 
2.6

17
8.7

Vit 
rain

0.05

25 
18 
1.0 
5.0 
5.0 
5.0 
1.3 
.8

------

Fu 
sain

1.1

64 
11 
0 
2.0 
5.4 
1.1 
0 
3.3

33 
11

ND-Cu- 
GC-8

Vit 
rain

0

2.1 
.9 
.9 

1.3 
1.8 
2.2 
0 
.9

0 
2.2

Fu 
sain

1.8

9 
8 
.9 

1.8 
7.2 
2.7 
0 
1.8

18 
6.4

DISTRIBUTION IN BLOCKS OP COLUMNAR SAMPLES OF 
THE COAL BEDS

The minor-element content of each block or of composites com 
prising several blocks of six columnar bed samples are shown in plate 
1. These samples were selected with the intent to assemble a repre 
sentative group of samples from the beds of this province. Some of 
the profiles show similarities for all the elements, and others are al 
most completely dissimilar. It may be assumed that samples from 
other beds would show a distribution of minor elements somewhere 
between these extremes.
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The most unusual columnar sample is ND-KR-Bu; in three com-? 
posites formed from the original 18 blocks of coal the degree of simi-, 
larity between the profiles for each of the elements is unequaled by. 
the profiles for any other sample. The bottom block, which contained, 
the largest amounts of the elements, also had the highest percentage* 
of ash. A somewhat similar behavior by most of the elements is 
found in ND-Cu-GC, although in this columnar sample the blocks in; 
the center of the bed contain the largest amounts of elements that, 
behave similarly; however, germanium, gallium, beryllium, yttrium,* 
and lanthanum have completely different types of profiles. In ND- 
BN-N a behavioral pattern similar to that hi ND-Cu-GC is followed^; 
with boron, titanium, vanadium, chromium, cobalt, and nickel show-r 
ing a large degree of similarity in the patterns of their accumulation 
in the bed; to a smaller degree, beryllium, gallium, and yttrium also 
show a similar relationship. Germanium was found only in the top 
block. Tin was not found in any of the blocks of this columnar 
sample. Large amounts of copper, unrelated to the amounts of the-, 
other elements, were found in several small blocks. The distribution 
of lanthanum in the bed did not closely resemble that of any of the 
other elements.

Sample Mont-K2-Ro has a very heterogeneous mixture of patterns. 
Elements known to behave similarly do so in part of the bed, then 
reverse their patterns in other parts. In Mont-S, a Cretaceous coal, 
a similarity of behavior is shown by groups of elements; in one group 
the distribution data on titanium, vanadium, chromium, and yttrium,, 
and to a lesser degree, cobalt, molybdenum, and lanthanum follow 
similar patterns, and in another group the distribution data on beryl 
lium, nickel, and gallium also have somewhat similar profiles. Th& 
data on boron, copper, germanium, and tin show no relationship be 
tween one group and another nor to any data on the other elements;.- 
some similarity may appear in the data on a few blocks, but not in 
the data on the greater part of the bed.

Sample Mont-AT, a Jurassic coal, is another example of hetero 
geneous accumulation of elements in coal. In adjacent blocks large 
differences in minor-element content are particularly noticeable, in 
dicating that very little, if any, redistribution of the elements has 
taken place. Another factor that confirms the lack of redistribution 
and also indicates that the accumulation of most elements was syn-; 
genetic, is the gradual attainment of peaks or valleys in the element' 
content shown in the profiles. This is especially shown by the five 
lowermost blocks of this sample (not including the carbonaceous shale 
at the bottom), hi which the cobalt content gradually diminished up 
ward. The sixth block has a very large cobalt content, which grad-
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ually diminishes through the next four blocks and then increases in 
successive blocks to the top of the bed.

The distribution of elements in the bed from, which sample Mont  
AT was taken and in some other beds could mean that a cyclic in 
flux of material took place during deposition of the beds. This i& 
further corroborated by a similar cyclic variation in the amount of 
ash from the coal of the beds. The varying amounts of ash could be 
a result of the fluctuations in the levels of the depositional basin or of 
the surrounding borderland, or both. It could also reflect a variation, 
in rainfall and indicate changing stream channels and swamp drainage 
systems. The concentrations of minor elements in different blocks 
of the same samples are controlled by these factors and many others,, 
such as: types of rocks being weathered; rate of weathering and de 
composition of different minerals; the chemical properties of the ele 
ments, and particularly the reactions while passing through solutions, 
of differing pH's; ability to form, and stability and solubility of metallo- 
organic complexes of the elements; and biogenetic behavior of the ele 
ments in plants.

DISTRIBUTION IN BEDS IN LOCAL AREAS

The average minor-element contents of some of the beds are listed in. 
table 9. The analyses are arranged in groups, with each group rep 
resenting beds in the same general area. The data for the beds in 
each area are arranged in stratigraphic order. All the data are taken 
from channel or auger samples of whole beds, except data for samples 
Mont-G-F and RB-F, which are weighted averages of blocks of 
columnar samples. One of the samples, Mont-GS-10501, which 
yielded 59.2 percent ash, cannot be considered coal but rather a 
carbonaceous shale.

The group of five samples from the Big Sandy field has some unusual 
characteristics not found in the other groups. The ratio of yttrium ta 
lanthanum is persistently low compared to the other samples. The 
ratio of nickel to cobalt on an average is less than 2 if sample Mont  
G-F is not considered. The concentrations of some of the elements 
appear to be diagnostic of a bed. Thus the higher and lower beds 
have much more titanium, chromium, and gallium, and slightly more 
vanadium, cobalt, and lanthanum than the three samples of the 
Flatness bed. If the abnormally high nickel content of sample Mont- 
G-F is discounted, nickel would also be in this group. The Flatness 
bed has more germanium than the other two beds. Molybdenum is 
almost evenly distributed. No pattern is shown by beryllium, boron, 
copper, and yttrium contents; the range for the concentrations of 
these four elements in the three samples of the Flatness bed is of; the? 
same order as the range in the three beds. _ j
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The group of samples from the Girard field, Montana, shows almost 
a completely heterogeneous distribution of the elements. The ranges 
of contents in samples of the same bed, where several samples wer& 
taken is of the same order as that among the five different beds. 
Molybdenum seems to have an affinity for certain beds. The ratio of 
nickel to cobalt in the 10 samples is about 1:1. Seven samples con 
tain considerable amounts of yttrium, whereas the lanthanum content 
was below the detection limit in all the samples.

The group of samples from North Dakota lacks a pattern for the 
concentration of most of the elements. The content of nickel, cobalt,, 
yttrium, and lanthanum seems to be greater in the upper beds; the 
ratio of nickel to cobalt is quite high, and in one sample it is 10:1. 
The average of the yttrium and lanthanum contents of the three beds 
gives a ratio of about 1:1.

In the group of samples from beds of the Buffalo field, Wyoming, the 
top beds seem to be enriched in all the elements, whereas the lowest 
amounts are found in the bottom bed. Germanium and tin were not 
found in any of the samples. The ratio of nickel to cobalt is 3:1 or 
higher for all these beds.

Probably some of the relations to which attention has been drawn,, 
such as the ratios of nickel to cobalt and the persistent content of 
some of the elements in the various beds, would not change if addi 
tional samples were available. These distributions are probably the 
result of proximity to the source of elements and the proximity of the 
sample to drainage patterns in the swamps.

DISTRIBUTION IN GROUPS OP BEDS IN DIFFERENT PARTS 
OF THE PROVINCE

The deposition of coal beds in the province was not a continuous 
process; because of their limited extent the beds cannot be traced for 
more than a few miles before they pinch out. As a result of this, a 
study cannot be made of the accumulation of the elements in the 
different parts of the basin by following the distribution pattern of a 
bed. Interpretations that have some significance can be obtained. 
from averages of the analyses made of coals in groups of beds in limited 
areas. Table 10 gives the averages of 12 such groups, and their 
localities are plotted on figure 2. Beds at localities 1 and 2 are the- 
Jurassic coals of the Lewiston and Great Falls fields. A single colum 
nar sample of Cretaceous coal was taken from locality 3. At lo 
calities 4 through 14, all the coal beds are in the Tongue River member 
of the Fort Union formation; of these, particular notice is given to the 
averages for the beds at five localities, 4, 5, 8, 9, and 11-12, since these- 
averages each include data for three or more beds. If the sedimentary
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source was from the west and southwest during this period, then 
localities 4 and 5 are nearest the source, followed by 8, 9, and 11-12. 
localities 6, 10, and 14 contain only one bed each and thus have little 
comparative value. The average for the group of beds at locality 15 
includes the data on six Wasatch samples of the Buffalo field.

In the following discussion only the minor-element distribution in 
the Fort Union formation at five localities, 4, 5,8, 9, and 11-12 is con 
sidered. The highest average content of beryllium was in the group of
 coal samples from locality 5 and the lowest in coal from locality 9; in 
.general, coals of the western part of the province seem to contain more 
beryllium. The pattern for the data for boron is not clear. Coals
 definitely have been enriched in titanium nearer the source of sedi 
ments. Neither vanadium nor chromium content shows definite 
patterns; high and low contents were found in coal from both the 
Eastern and western parts of the province. Coals of the eastern part 
of the province contained much more cobalt than those from the 
western part. Three of the averages for nickle range between 2.7 
and 3.7 ppm. The samples from localities 4 and 11-12 had un-
 commonly high averages. In each of these there is one very high bed 
^average, which, if excluded, would make the averages comparable to 
the other three. The ratios of nickel to cobalt, except for samples 
from locality 11-12, decrease in an eastward direction. Locality 
11-12 is near the transcontinential arch and possibly during deposition 
some material was periodically carried into the basin from that 
direction. Copper seems to be distributed uniformly throughout 
the basin; although channel sample Mont-P-1 in locality 4 had an 
abnormally high content, the other four samples had an average
 content comparable with the average for other localities. Gallium 
content is slightly higher in the coals at three Montana localities, 
4, 5, and 8, than in the coals from two North Dakota localities, 9 
;and 11-12. Germanium, molybdenum, and tin show no preferential
 direction of enrichment. Yttrium content is lower in the western 
and lanthanum is generally lower hi the eastern localities.

It is impossible to explain the distribution of most of the elements 
in the basin. The decrease of the ratios of nickel to cobalt in an
 eastward direction could be due to the preferential uptake of nickel
 over cobalt by plants. The change of the yttrium-lanthanum ratios 
could be due to two factors; in the western localities yttrium and 
lanthanum may be taken up by plants in proportion to the amount of 
these elements in the eroding source rocks, while in the eastern lo 
calities the stability of the organic complexes of these two elements may 
be the controlling mechanism.
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RELATION OF THE MINOR-ELEMENT CONTENT OF 
COAL ASH AND POSSIBLE SOURCE ROCK

In a developing peat bog the initial vegetation has its roots in 
the subsoil and primarily dependent upon this source for its nutrients. 
As the bog develops, subsequent vegetation has root systems in the 
peat from the preceding plants and few roots in the subsoil. The 
initial vegetation probably depletes the subsoil of its minor-element 
content and concentrates it in the humus formed by these plants. 
Subsequent plants thus receive a very small amount of minor elements 
from the subsoil and as the bog become thicker, none at all; rather, 
their minor-element content becomes dependent upon the release of 
the elements from the humus or upon the influx of the elements from 
weathering rocks on the borderland of the depositional basins.

Many of the coal beds have a high minor-element content in thie 
lowest part of the beds that abruptly decrease toward the middle. 
This suggests that the elements were immobilized and were not 
available for accumulation by subsequent plant life. Where the 
beds do have an increase or a uniform minor-element content through 
out the bed, it must be assumed that another source of the elements 
became available: namely, an influx of these elements carried in 
solution into the coal depositional sites. Elements from this source 
would not only be subject to accumulation by plants, but also to 
other fixation processes of the swamps.

The minor-element content of coals is dependent, therefore, upon 
the weathering and erosion of rocks 'before and during the deposition 
of the coal beds. In the northern Great Plains coal province the 
period when the Fort Union formation especially the Tongue lUver 
member, was being deposited was also a period of prolific deposition 
of coals. Most of these coals were deposited in small isolated basins 
and probably deposition of organic debris was taken place in some 
part of the province hi an almost continuous sequence. The beds 
thus yield an almost continuous sequence of the material from the 
the weathering rocks that contributed material to this cycle of 
deposition.

During Late Cretaceous and early Paleocene a large outpouring of 
andesitic, dacitic, and some rhyolitic magmas took place along the 
western and southwestern margins of the basin. Much of this ma 
terial later contributed to the deposits of Fort Union age. Bentonitic 
beds hi this formation indicate contemporaneous vulcanism. That 
such conditions existed is concluded by Woolsey and others (1917, 
p. 25); Knappen and Moulton (1930, p. 48-50); Dobbin (1930, p. 14- 
21); Stow (1946); McMannis (1957); in addition, the erogenic sequence 
of events is summarized by Eardley (1951, chap. 19-22).

Figure 3 presents a comparison of the minor-element contents of 
various rock types with those of the coals of this province and of
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West Virginia. Most of the data for the minor-element content of 
the various rock types are those of Vinogradov (1956, p. 49-50). The 
data for boron in silicic rocks was supplied by R. R. Coats (written 
communication, 1956). The length of the bar for each of the elements 
found in each of the rock types and coal ash that are represented in 
the figure is the ratio of the element in these samples to the average 
abundance of the element in the earth's crust. Because the values for 
the average abundance of the elements in the earth's crust were ob 
tained from a number of different sources but those for the rock types 
are from one compiled source, discrepancies appear. The elements 
that show the largest discrepancies are boron, gallium, germanium, 
and yttrium. The boron discrepancy is caused by the use of Coats' 
content for boron in rhyolites of Montana; that for gallium, germa 
nium, and yttrium is the result of some rather high content for those 
elements used by Vinogradov.

The profiles in figure 3 show a remarkable similarity between the 
minor-element content of the ash of Fort Union coal samples and 
that of silicic rocks. Boron, molybdenum, and zinc are proportion 
ally much higher than the other elements, but they are biogenetic 
elements and more of them may be expected in coal. The source of 
the extremely large amount of boron can be attributed to the vol 
canic ash eruptions that were probably prevalent during this time. 
The high zinc content in the ash includes the seven very high valuer 
for zinc in samples from Oliver County, N. Dak. These samples 
could have been enriched by a secondary influx of zinc into the coals 
after deposition. The minor-element contents of the coal ashes show 
Jess agreement with the contents of the intermediate rocks, and prac 
tically not at all with the contents of the more mafic rocks.

The data of Headlee and Hunter (1955, p. 55) are also plotted on 
figure 3, and a difference is noted between the minor-element content 
of the coal ash of samples from the Northern Great Plains province 
and those of coal samples from West Virginia. The beryllium, boron, 
gallium, germanium, and molybdenum contents of the latter ash 
samples are in closer agreement with their content in silicic rocks. 
The distribution of the rest of the elements more closely conforms to 
the distribution found in intermediate rocks. The larger amount of 
beryllium in the West Virginia coal could be attributed to the beryl 
lium-rich pegmatites on the Piedmont, which may be indicative that 
this source area for sediments was a beryllium-rich petrographic prov 
ince. It is noteworthy that the boron content is much lower in the 
West Virginia coal ashes than in the coals from the Northern Great 
Plains province. It is not possible, at present, to explain the high 
germanium and molybdenum content in the West Virginia coal ash.
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If the source rock for the elements in the coal bed was predomi 
nantly of one type, the amount of each element in this rock certainly 
should be directly reflected by the amount in the coal or in its ash. 
If more than one type of rock contributed material to a coal basin, 
it may be possible to identify the types if a large enough group of 
elements is used for the evaluation. The preceding discussion 
refers only to the 15 minor elements considered in this report. It 
is well known that certain elements, such as sodium, potassium, 
magnesium, and others, are defmitly lost during the coalification 
process and any interpretations of the conclusions of this report 
should not include any elements except those whose geochemistry 
was investigated for this report.

COMPARISON OF THE AVERAGE MINOR-ELEMENT 
CONTENT OF THE COAL WITH THAT OF LIVING PLANTS

In the preceding section it was suggested that there is a relation 
between the minor-element content of the coal and of the type of 
source rocks that contributed sediments to the coal depositional 
sites. This observation is based on the assumption that no great 
change has taken place in the minor-element content of the coal 
since its burial. There is no way of proving this; however, analogie& 
can be made by examining the minor-element content of present 
day plants. It must be kept in mind that the minor-element content 
in coal is a product of a number of fixation processes, not just of 
plant accumulation, and any comparison between plants and coal 
should not be expected to agree for all the elements. This wa& 
pointed out by Goldschmidt (1935, p. 1102).

Plants accumulate certain elements in proportion to the abundance 
and availability of the elements in the soils. This fact is the basis 
of biogeochemical prospecting methods. Data from investigations 
show that plants have a wide range of tolerance for some elements. 
There are a number of elements, of course, which are toxic to plants. 
Data from Warren and others (1953, p. 74) for molybdenum, from 
Warren and others (1951, p. 919-930) for copper and zinc, and from 
Warren and Delavault (1954, p. 71-72) for nickel are presented in 
table 11 and show the range of accumulation of these elements in 
various parts of plants growing in mineralized areas. Other data 
(table 12) such as that from Robinson and Edgington (1945, p. 
16-26) predominantly on agricultural crops, from Robinson and 
others (1958) on rare earths in hickory leaves, from Cannon (1955, 
p. 132) on zinc in swamp plants in a zinc mineralized area, and from 
Salmi (1955, p. 9-11) on titanium, vanadium, chronium, cobalt, 
nickel, copper, zinc, and molybdenum in leaves and twigs of Ledlum
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palustre growing hi a peat bog over a mineralized sulfide zone, show 
that large amounts of some elements can be accumulated by plants. 
Most of the above analyses are of unusual plants or of plants growing 
in unusual environments. A series of analyses by the Geological 
Survey of parts of trees growing in a sandy soil derived from Cre 
taceous sediments of the Atlantic Coastal Plain (table 12, column 2) 
show some interesting relations with the coal averages. The data 
on the contents of titanium, vanadium, chromium, nickel, copper, 
and tin in the parts of trees agree very well with the data for coal; 
the amounts of beryllium, boron, cobalt, zinc, gallium, germanium, 
molybdenum, vanadium, and lanthanum are small in the trees. 
Boron in the trees is low compared to that hi the coal; however, 
the data on boron in other plants agree well with the data for coal.

The Rocky Mountains are considered to be a boron-rich petro- 
graphic province, and large amounts of the element can be expected 
to be found in the coal. Cobalt control is not usually low but as 
the ratio of nickel to cobalt is about 10:1, it does show that tree 
components do accumulate more nickel than cobalt. A high ratio 
of nickel to cobalt is also reported by Salmi. The value for the zinc 
content hi trees is in agreement with the value given by Warren 
and others, but much lower than that for the coal. However, because 
the value given for coai includes several very large amounts of zinc 
found hi a small part of the basin, the average value for the average 
coal of the basin is probably too high. The values for the amounts of 
gallium, germanium, molybdenum, yttrium, and lanthanum found hi 
the trees are too low. No additional data on gallium and germanium 
in plants are available; however, for molybdenum, yttrium, and lan 
thanum there are sufficient data to show that our values are among 
the lowest. In this comparison of the minor-element content of 
coals and plants only one method of accumulation has been considered, 
whereas other processes, as mentioned earlier, also add to the amounts 
of the elements is the coals. Beryllium, which is particularly toxic 
to plants, especially in an acid environment (Hoagland, 1952), can 
be considered to be emplaced by the formation of metallorganic 
complexes; this has been discussed thoroughly by Stadnichenko and 
others (1961). Other elements that can be considered partly to be 
emplaced hi the coal swamps by this process are those that form 
very stable complexes, such as vanadium, chromium, cobalt, nickel, 
copper, molybdenum, and probably gallium, germanium, yttrium, 
and lanthanum.

Goldschmidt (1935, p. 1102) found that beryllium, vanadium, co 
balt, nickel, gallium, zinc, and yttrium were more abundant in the 
ash of forest humus than hi plant ash. This probably is also the case 
for swamp humus and could be the result of the formation of complexes
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TABLE 11. Range of accumulation of copper, zinc, molybdenum, and nickel in
parts of plants in mineralized areas

[Mineral contents in parts per million]
Copper and zinc in dry plants 

[Warren and others, 1951, p. 920-923]

Place of growth

Above oxidized

Nonmineralized

California 
poppy

Cu

32-75 

11-12

Zn

50-66 

63-153

Paloverde

Cu

11-30 
3-7

Zn

14-19 

10-40

Creosote bush

Cu

27-41 
3-27

Zn

17-28 

16-54

Scrub oak

Cu

15-42 
6-9

Zn

20-40 

14-23

Ocotillo

Cu

14-26 
9-25

Zn

18-40 

15-23

Molybdenum in needles tips and twigs
[Warren and others, 1953, p. 74]

Place of growth

Remote from mineralization... . __   .....................

Alpine fir

43-65
2-5

0. 1-0. 3

Lodgepole 
pine

2^3
.2

Creosote 
bush

5.2"

Nickel in stems, needles, tips, and leaves
[Warren and Delavault, 1954, p. 71-72]

Place of growth

Remote from mineraliza-

Mountain hem 
lock

Stems 
(1-5 yr)

5 

0.2-0.6

Needles

8

Mountain fir

Stems 
(1-5 yr)

15-26

Needles

21-24 

1-0.4

Western redeedar

Tips

36

Stem

3yr

20

4-5 yr

28

Older

4

Leaves

32- 

1.5

TABLE 12. Comparison of the minor-element content, in parts per million, of the
coals of the Northern Great Plains province with that of some plants

[0, below limit of detection]

Elements

Be       
B ......
Ti    ..... ..... ....
V........  ..........
Cr        .   
Co.       ...
Ni _          
Cu  .. __ ..........
Zn     _    _ 
fin

Ge  -. ... ..... .......
Mo    .    
Bn.......... ..........
Y........... ..........
La. __ -_   ._..._

Coal

2 4
112
476
20.1

9 3
2.8
8.6

17.4
107

6.3
9 Q

2.1
2.1

17.4
14.7

Trees 
(U.S. 
Qeol.

Survey)

0 1
16.6

374
15
7.5
.7

7.1
12.3
37.4

.6
0
0
1.7
3
4

Plants 
(Salmi, 

1955)

109
0
0
3.3
0

25
75

136

.7

Plants 
(Cannon, 

1955)

10,000

Hickory 
leaves 

(Robinson 
and others, 

1958)

653
373

Crops and plants 
(Robinson and 

Edgington, 1945)

70>3,000.
2&-

4.6

7. 5>700<
144>2,000.

9>300-

i>2,00ft<

i For rare earth group.
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of these elements. A discussion of this process is carried on further 
in the next section.

In summation, the minor-element content of the coal is in accord 
with that accumulated by plants and plant debris. In the previous 
section it was shown that the minor-element content of the coal is 
related to the minor-element content of the type of source rocks con 
tributing material to the coal-forming swamps. From this it follows 
that little, if any, change has taken place in the amount of the 15 
minor elements in the coal since the time of deposition to the present. 
In the coalification process a large amount of organic material is lost 
during its transformation into coal. There probably is also a con 
comitant loss of minor elements associated with this loss of material.

SPECIAL, SAMPLES

Special samples such as coalified logs and kettle-bottom coal are 
treated separately because they offer a basis for more intense specu 
lation about the accumulation of minor elements in coal. There is 
a general similarity between these samples and the isolated coalified 
logs found in the Cretaceous sediments of the Atlantic Coastal Plain 
(Stadnichenko and others, 1953, p. 15). Their minor-element content 
is similar in many respects, and their coalification has a genetic rela 
tionship. Data are given in tables.

The kettle-bottom coal is taken from partly coalified and sediment- 
filled upright tree stumps found above the coal beds. These stumps 
generally fall out when the underlying coal is mined out. The shape 
of the cavity resulted in their being called kettle bottoms or cauldrons. 
The bottom of such stumps is in contact with the coal bed and the 
upper part is buried in sandstone or shale. The coalified trees are 
logs, branches, and leaf imprints of fallen trees lying horizontally and 
sometimes found as high as two feet above the coal bed. Only the 
main parts of large logs were collected but the designation "trees" 
was used during the collection to indicate that smaller units of the 
trees were present other than just the main trunk. These also are 
enclosed in shale or sandstone. In the coalified trees there is evidence 
of the compression and loss undergone by woody material after burial 
and during coalification. Several such tree trunks were very long 
(more than 20 feet), about 1 to 2 feet wide, but only % to 1 inch thick. 
The tree trunks had lenslike cross sections indicating that a round 
log during its coalification degenesis was reduced by about a 24:1 
volume ratio. The specific gravity of these coals is about 1.2 to 1.3, 
and that of the living trees is about 0.5 to 0.7 This is only about a 
twofold increase in the specific gravity, indicating that only about 
1 part in 12 remains of the original plant material. As a result of this, 
large quantities of humic and perhaps amino acids would be available
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to react with metal ions or complexes passing through the degenerating 
:logs to form metallo-organic complexes.

These kettle-bottom coals and coalified trees were not coalified in 
the same way as the trees that were laid down in the swamp, although 
their coal is probably of the same rank as the coal of the beds, and the 
degree of overall coalification was probably similar. Plant structures 
in these types of samples are usually much better preserved than in 
any of the coal bed samples. This indicates less degeneration of plant 
tissues in the kettle-bottom coals and trees than in trees coalified in 
the swamp environment. Degradation of the celluloses and proteins 
 certainly took place to form humic acid, but the rate was probably 
much slower than under swamp conditions. These trees were en 
closed by inorganic sedimentary material more rapidly than the 
organic debris of the coal swamp. As a result of this, bacterial action 
was reduced, and the pH was probably higher. The slower decom 
position and the enclosed environment probably produced better 
conditions for the retention of the elements already in plant tissues 
and also for the greater absorption of and reaction with metallic ions 
or complexes in solutions passing through the buried logs. Their 
enclosure in clastic materials suggests that they were buried at a time 
when large amounts of clastic material and material in solution were 
being brought into the depositional basins.

The minor-element content of these samples has no direct relation 
to that of the coal beds. Table 13 gives the amount of the element 
in parts per million in coal of the kettle-bottom coals and coalified 
trees and of the associated beds. If more than one kettle-bottom 
coal was analyzed, the figures are the average. Table 14 presents the 
ratios of the elements in the kettle-bottom coals and coalified trees 
to those in the beds.

TABLE 13. Comparison of the minor-element content of kettle-bottom coals (KB) 
and coalified trees (Tr) with the associated coal beds

[In parts per million in coal]

Element

Be.-.  
B  .......
Ti. __ ...
V ______
Or.........
Co __ . ...
NL  _____
Cu__    
Zn____ _____
Oa____.___
Ge..._  .
Mo....  .
Sn  ______
Y__ ...____
La..... _ .

Mont-Su

KB

1.8 
17.1 

551 
323 
22.8 
1.2 
2.3 
5.7 
0 

60.8 
20.0 
4.8 

26.6 
11.6 
1.3

Bed

3.8
118 

1,350 
30.4 
9.4 
3.8 
5.4 

10.3 
0 
7.7 
5.9 
1.8 
5.6 

24.2 
11.1

Mont-KB-F

Tr

1.2
30.0 

832 
325 
158 
16.6 
24.1 
9.2 
0 

18.3 
37.4 
4.2 
0 

16.6 
5.8

Bed

1.1 
137 
337 

16.1 
3.7 
1.1 
2.1 

11.6 
0 
2.9 
.5 

2.1 
.49 

7.9 
15.0

Mont-N-KO

KB

3.0 
35.0 
96.6 

142 
53.3 
3.8 
7.7 
4.6 
0 

19.2 
84.8 
1.2 
2.2 

31.4 
3.6

Bed

8.2 
21.0 

288 
17.1 
14.3 
3.0 
2.8 

13.3 
0 
9.3 
6.5 
.78 

0 
31.2 
9.7

Mont-K-Ko

KB

6.9
14.0 

743 
283 
81.7 
3.8 
6.9 
8.5 
0 

20.3 
819 

4.2 
0 

34.7 
3.3

Tr

3.9
6.2 

846 
250 
84.9 
6.3 

15.4 
9.6 
0 

12.5 
184 

4.4 
2.0 

26.2 
3.9

Bed

1.1 
167 
197 

9.3 
4.7 
1.7 
3.4 
8.7 
0 
4.1 
1.5 
.75 
.37 

2.7 
13.3

Mont-Qi-BM

Tr

5.8 
42.8 

151 
35.4 
12.6 
10.1 
10.1 
12.6 
0 
6.6 
5.3 
.50 

0 
30.3 
5.0

Bed

1.2
76.9 

370 
16.8 
3.0 
1.0 
2.1 

16.6 
0 
2.9 
.10 
.55 
.55 

5.3 
12.4
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TABLE 14. Ratios of the minor-element content of the kettle-bottom coals and coali 
fied trees to that in the associated beds

Element

Be...   ...   -----
B_______-___-_______
Ti_-_.__-._. ________
V~_           
Cr_. ________________
Co-_-______--_-___._
Ni _
Cu____.______.-____
Ga  -   __   _-___
Ge
Mo_____-___---_-__-
Sn______-___-_._____
¥_--_-._____-_______
La___  .............

Mont-Su 
(KB)

0.48 
.15 
.41 

10.6 
2. 4 
.32 
.43 
.55 

7.9 
3.4 
2.7 
48 
.48 
.12

Mont- 
RB-F
(Tr)

1. 1 
.22 

2.5 
20.2 
42.7 
15. 1 
11.5 

.79 
6.3 

748 
2.0

2. 1 
.39

Mont- 
N-Ro 
(KB)

0. 37 
1.7 
.34 

8.3 
3.7 
1.3 
2.8 
.35 

2. 1 
13.0 
1.5

1.0 
.37

Mont-K-Ro

KB

6.3
.08 

3.8 
30.4 
17.4 
2.2 
2.0 
.98 

5.0 
546 

5. 6

12. 9 
.25

Tr

3.5 
.04 

4.3 
26.9 
18.1 
3.7 
4.5 
1. 1 
3.0 

123 
5.9 
5.4 
9.7 
.29

Mont- 
Gi-BM 

(Tr)

4.8 
.56 
.41 

2.1 
42 

10.1 
48 
.76 

2.3 
53.0 

.91

5.7 
.40

The approximate order of abundance for the elements in the kettle- 
bottom coals and coalified trees in relation to the beds above which 
these samples were found is Ge>V>Cr>Ga>Co,Ni,Y>Mo,Be, 
Ti,Sn>Cu>La>B (tables 13 and 14). The first four of these ele 
ments are very highly concentrated in the kettle-bottom coals and 
coalified trees as compared to the beds. The next seven are less con 
centrated hi the kettle-bottom coals and coalfied trees as compared to 
the beds, whereas the last three elements are depleted in the kettle- 
bottom coals and coalified trees. Thus boron, which is most highly 
concentrated in the beds, is the least concentrated in the special 
samples; chromium, which is least concentrated in the beds, is among 
the more abundant elements hi the kettle-bottom coals and coalified 
trees. There is a similar reversal for vanadium and several other 
elements.

Except for vanadium, chromium, gallium, and germanium, the 
element content of the kettle-bottom coals and coalified trees is not 
higher than that in many plants. Germanium and gallium are not 
toxic to plants; so it is possible for plants to have large accumulations 
of these metals. Vanadium is known to be concentrated highly in 
the ash of some crude oils and in some organisms in the sea; like 
chromium, however, it is quite toxic to most plants. Some selective 
plant types can grow in chromium-rich soils, but kettle-bottom coals 
and coalified trees are not formed from these types of plants.

The element content of the vitrain samples, many of which are the 
remains of trees buried in the peat of the coal swamp, is similar to the 
blocks of coal from which they come. Two elements are an excep 
tion the amount of germanium is usually much higher, and lan 
thanum is much lower in vitrain. The content of these two elements
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in the vitrain particularly, bear a similarity to then* content is kettle- 
bottom coals and coalified trees. The coalification process that pro 
duced vitrain can be considered to be intermediate between the least 
and most intense processes of plant decomposition. This suggests 
that rate of degradation as well as the enviroment of deposition was 
responsible for the retention of elements already present in the plants 
or for the accumulation during and after burial.

The most probable method by which the amount of the minor 
elements now found in the kettle-bottom coals and coalified trees was 
controlled was the formation of metallo-organic complexes. The 
elements forming these complexes could be either those accumulated 
by the plant at the time of growth, or those acquired by the reaction 
of the elements carried in solution that passed through the degenerat 
ing plant tissues. To assess this means of acquisition of the minor 
elements, we examined several groups of elements for the stability of 
their organic complexes. Data for the provincial averages for the 
beds (table 6) show the ratio of yttrium to lanthanum to be almost 
1:1. This is approximately the same as the ratio for all the beds listed 
in table 13, which is 1.2:1. The average contents of the kettle-bottom 
<x>als and coalified trees is yttrium, 25 ppm, and lanthanum, 3.8 ppm, 
or a ratio of about 6:1 to 7:1. It is obvious then that kettle-bottom 
coals and coalfied trees are enriched in yttrium and depleted in lan 
thanum as compared to the beds. Little can be said of the plant 
content of these elements as there is no way of knowing what the 
original content was, but it is known that parts of some plants can 
concentrate much larger quantities of these elements than are found 
in the kettle-bottom coals and coalified trees.

The stability constants of some yttrium and lanthanum organic 
 complexes are as follows: Martell and Calvin (1952, p. 196) give the 
stability of rare earth chelates as yttrium greater than lanthanum. 
Vickery (1953, p. 84) lists Schwarzenbach's figures for the stability 
constants of lanthanon amino acid complexes; in the four cases listed, 
the stability constants of yttrium are much greater than lanthanum. 
The solubilities of these complexes are unknown; however it can be 
assumed that they are related to the stability constants, that is, the 
elements that form more stable metallo-organic complexes would 
also form more insoluble complexes.

The above relation suggests that the two elements were either in 
troduced from solutions passing through the kettle-bottom coals or 
coalified trees and that yttrium, owing to the higher stability of its 
complexes, was selectively added to the kettle-bottom coals and 
coalified trees and that more lanthanum was selectively leached out 
from the original yttrium-lanthanum content accumulated during the 
growth of the trees. Without more knowledge about the content of
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these two elements in the original plant material, or in similar plants? 
now growing in a similar environment, little more can be said.

Another group of elements to be considered in a similar way are 
copper, nickel, and cobalt. In the samples of blocks of coal and in the 
averages for the bed their relationship is usually copper more abundant 
than nickel, which is more abundant than cobalt; furthermore, in the 
averages for the province the clarke of copper is much larger than 
those of nickel or cobalt. In the beds listed in table 13, the copper 
content is highest, followed by nickel, then cobalt. In the special 
samples, however, the nickel content is highest in three of the beds, 
while the copper content is highest in the other three beds. The 
greater amount of cobalt in the special samples is significant when 
compared with the contents of the associated beds; when the ratios- 
of copper, nickel, and cobalt contents are considered (table 14), cobalt 
shows the highest ratios, with nickel next, and then copper. Nickel 
and cobalt increase in all but one set, whereas the copper content 
decreases in all but one set. Thus some copper was lost, and the 
amount of nickel and cobalt increased in the kettle-bottom coals and 
coalified trees.

Martell and Calvin (1952, p. 189 and other pages) show that the 
copper complexes are most stable, and those of nickel and cobalt 
much less stable in that order, for bivalent states only. This, of 
course, is the opposite of yttrium and lanthanum whose metal com 
plexes with higher stability are more concentrated in kettle-bottom 
coals and coalified trees.

However, these three elements are biogenetic and probably form 
very complex metallo-organic compounds in plants. If they formed 
the same type of complex, the stability constants should show the 
same relationship as that expressed by yttrium and lanthanum. Co 
balt is known to form the very complex vitamin B-12, and nickel 
forms a very stable nickel-porphyrin. It is possible that the copper 
ions are reduced to Cu+ thus not permitting the stability relation 
that these three elements would have if their valences and the donor 
groups remain identical.

The enrichment of germanium, chromium, and vanadium in the 
kettle-bottom coals and coalified trees as compared to bedded coal 
can also be considered as to their stabilities in complex formation. 
Martell and Calvin (1952, p. 234-235) make three statements which 
are pertinent:

1. For complexes of the 'outer-orbital' type there is no sharp discontinuity in 
rates, but rather a gradual decrease in lability as the charge on the central 
(metal) ion increases. . . .

2. This decrease in lability is due in part to the increasing covalent character of 
the bonds in the complex ions.
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3. Central metal ions which form more covalent bonds with ligands are usually 
assumed to form stable complexes. There can be no doubt that covalent 
character is an important probably the most important factor in determin 
ing stability.

The large amounts of vanadium, chromium, gallium, and germa 
nium in the kettle-bottom coals and coalified trees could be the result 
of either accumulation by plants during growth or by some secondary 
postdepositional process. There is a possibility that during the de 
generation of the plants after burial these four elements were not 
lost, but were retained in the organic matter of the coal. Then the 
concentration of these elements would be tenfold, which is about the 
right magnitude. This would assume that these four highly con 
centrated elements are held most firmly by adsorption or form the 
most stable and least soluble organic complexes. It is also possible 
that these elements were introduced from solutions passing through 
the buried logs and were emplaced in the forming coal. Again as in 
the previous suggestion, these elements would have to be firmly ad 
sorbed or form the most stable and insoluble complexes of the 15 
elements.

From the foregoing, the most probable explanation for the extremely 
low content of vanadium and chromium in the coal beds and the high 
concentration in the kettle-bottom coals and coalified trees is that 
the reducing conditions in the swamps were much stronger than in 
sediments in which the kettle-bottom coals and coalified trees were 
formed. It is probable that in the coal swamp vanadium, chromium, 
and germanium were reduced to then* lowest valence states and as a 
result the stability of any complexes formed would be low. In the 
kettle-bottom coals and coalified trees this lower valency state is never 
reached; the original amount of the elements in the original plant 
material could be retained; and any elements in a higher valency state 
that were brought in by solutions would have tended to form rel 
atively inert complexes. This in no way contradicts our earlier 
conclusions of a general low availability of vanadium and chromium 
in the province. The enclosure of these trees in the sediments occurred 
at a time of increased erosion of the source rocks; new sources of these 
two elements were made available, especially because these elements 
are found in minerals that weather rapidly. The amount of this 
type of coal is very small, and only small amounts of an element are 
necessary to produce the high concentrations found in the kettle- 
bottom coals and coalified trees. The content of these elements 
in the beds still remained very low despite the fact that the kettle- 
bottom coals were enriched. Finally, if any large amount of chromium 
had been introduced into the coal bed at any time, it should have been 
precipitated as the very insoluble hydroxide. This is also true if
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it were released from a complex in decaying plants in the coal swamp. 
The suggested difference in the redox potential may also account for 
the higher cobalt content of the kettle-bottom coals and coalified trees. 
Trivalent cobalt forms very insoluble hydroxides in an acidic aqueous 
environment, however, whether or not this is what happens is un-
 certain. The differences in redox potential could be the reason why, 
in individual coalified logs and thin coal beds, a number of elements 
^,re found in much higher concentrations than in thick coal beds.

The reason for the low boron content in the kettle-bottom coals 
and coalified trees is unknown. Boron forms esters, but if this is the 
Teason for the consistently lower content in the special samples and 
the higher content in the beds, the mechanism which does it isun- 
inown at present.

Goldschmidt (1935, p. 1102) indicates that boron is lost from 
forest humus upon decay of the plant material. He did not mention 
copper and lanthanum in the group in which the humus is enriched 
and whether an analysis was made for these elements. If these two 
elements are also lost from the forest litter, then this type of minor- 
element loss is analogous to that found in the kettle-bottom coals
 and coalified trees. The difference in the redox potential, the con 
comitant valency states, and the resulting stability of any complexes 
which may be formed are the principal reasons why the minor- 
element contents of the kettle-bottom coals and coalified trees as 
well as of the forest humus, differ from contents of a coal bed form 
ed by the accumulation of plant debris in a swamp.

SUMMARY

An evaluation of the data on the amount and distribution of the 15 
minor elements in the coals of this province has led us to the following
 conclusions:

1. The fusain and vitrain samples of some of the coals of this province 
have some unusual anomalies. In many cases the fusain contains 
more of these elements than the vitrain hi either the whole block 
of coal or in any of the petrographic constituents. This is unusual, 
for in coals from other areas the vitrain contains more of these 
elements than do fusain or whole blocks of coal. It is possible 
that this is a secondary accumulation phenomena in the fusains.

2. A graphic plot of the distribution of the elements among blocks 
of coal of six columnar samples shows a wide range of patterns. In 
one columnar sample almost all the elements have similar distri 
bution patterns. The other five examples range from nearly 
similar patterns for most of the elements to almost no similarity 
between any of the elements. These distributions and the fact 
that adjacent blocks of coal have large differences in their minor-
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element content suggest that there has been no large-scale secondary^ 
redistribution of the elements and that their accumulation in 
the coal was syngenetic.

3. A comparison of the minor-element content of coal beds at different 
stratigraphic positions shows no significant pattern of distribution. 
This lack of a pattern, particularly for the enrichment of the- 
lower beds, bars the possibility of secondary mineralization by 
hydrothermal solutions. The sampling is too sparse to draw 
any positive conclusions on this matter.

4. In comparison of a group of beds in a limited area with those 
of another area some of the elements, such as beryllium, titanium, 
nickel, cobalt, gallium, yttrium and lanthanum, show a pattern 
of enrichment or depletion toward some part of the basin. Other 
elements show no pattern.

5. A comparison of the minor-elements content of the coals with, 
that of some plants suggests that the amount of the elements 
found in the coals could have been accumulated by plants.

6. The minor-element content of the coal from the Fort Union of 
this province is analagous to the minor-element content of inter 
mediate and silicic rocks. Such rocks were available as a source 
of sedimentary material during the period of this deposition. 
This suggests that the minor-element content of coal is controlled 
by the availability of these elements at the tune of deposition 
of the coal.

7. The minor-element content of the kettle-bottom coals and coalified 
trees, shows that the stability of metallo-organic complexes and 
redox potential of the depositional environment, in addition to- 
availability, are important controlling factors in the accumulation 
or loss of minor elements in these samples and also in coal beds. 
In order to assess the validity of the foregoing conclusions, more 

extensive studies of coal should be made. Complete analyses of 
the ash, as well as mineralogic studies of the inorganic fractions 
of the coal, would probably help immeasurably to explain the phenom 
ena that are not understood now.
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